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Abstract 
Scattering velocity and angle of spatter were investigated by recognizing and tracking spatter with the high-speed 
video observation. The spatter movement was observed by two high-speed video cameras, and analyzed by two-
direction tracking method, in which the 3D tracking lines of spatter were constructed in the forward and backward 
frames and the actual trajectory of individual spatter was obtained by averaging those tracking lines. It made clear 
that the initial velocity of spatter was less than the speed of sound and mainly ranged from 75m/s to 200m/s. The 
velocity of spatter showed the slight correlation with the angle. 
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1. Introduction 
In the typical laser processing, the molten materials were scattered as spatters by the laser irradiation 
and the assist gas flow. An anti-adhesion agent for spatters would be used in order to prevent from 
adhering spatters on the workpiece surface.  
Recently, it is expected that the laser cutting would be applied to the singulation process for the heat-
sensitive material products such as LED packages because of its high productivity. In this process, it is 
required to satisfy not only the high processing speed but also the better surface integrity with less 
thermal damage caused by spatters.  
The movement of spatter was greatly affected by the assist gas flow, which is changed by the design of 
nozzle [1]. Therefore, it is required to develop the nozzle, which can control the movement of spatter. 
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Computational Fluid Dynamics (CFD) analysis is useful method to optimize the shape of nozzle. The 
physical conditions of spatter, such as the velocity, angle and size, are essential to calculate the spatter 
movement by CFD analysis. In the laser welding process, the spatter behavior was investigated, and the 
physical mechanisms which lead to spatter were discussed [2]. However, the velocity, angle and size of 
spatter had not been analysed. In addition, the spatter behavior was faster and complex phenomenon in 
the laser cutting process, and the size of spatter was smaller than that in the welding process. The velocity, 
angle and size of spatter have not been clarified yet in the laser cutting process. 
From the viewpoints mentioned above, in this study, two high-speed video cameras were used to 
obtain different views of spatter movement in the laser piercing process as a stereo configuration. 3D 
scattering velocity and angle of spatter were calculated by recognizing and tracking spatters in the each 
video, and those distributions were investigated. 
2. Experimental method 
2.1. Measurement setup 
Fig. 1 shows a schematic illustration of experimental setup for a measurement of spatter behavior. A 
pulsed Nd:YAG laser was used as an oscillator. The laser beam was focused by a lens of 50mm in focal 
length. The stainless steel SUS304 of 150μm thickness in JIS specification was used as a workpiece. The 
focusing point was set at the top surface of workpiece, and the gap distance between the nozzle tip and 
the workpiece surface was set to 1mm. It was difficult to recognize the spatter with using the oxygen 
assist gas due to the similar brightness of spatter and plasma, hence nitrogen of inert gas was used as an 
assist gas. 
The scattering behavior of molten material during the laser piercing process was observed by two 
high-speed video cameras (Shimadzu Corporation HPV-1, HPV-2A) with frame rate of 1Mfps and 
exposure time of 0.5μs. Two halogen lamps were used as light sources, and shadow images of spatter 
movement were recorded. In the image analysis, it was necessary to take pictures of the same particles. 
Since the focal lengths of these camera sets were short, the angle between two video cameras was set to 
40 degrees, which was the minimum angle without interference of two camera lenses. Plasma emission 
was detected by a photo detector, and its signal was used as the trigger to start two high-speed video 
cameras by transferring the signal with a pulse generator (Berkley Nucleonics Corporation, 555). The 
temporal synchronization of each video camera was carried out by adjusting the time delay between the 
each triggered signal to match the shape of plasma in the same video frame.  
Laser processing conditions are shown in Table 1. In this study, all measurements were carried out 
under the same laser processing conditions. 
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Table 1. Processing conditions 
 
 
Fig. 1.  Experimental setup for spatter observation 
 
Fig. 2.  (a) Flow chart of velocity and angle computation; (b) Tracking method of spatter particles; (c) Particle tracking line starting 
at each event time  
 
Wavelength   1064nm 
Pulse duration   0.2ms 
Pulse energy  E 0.2J/P 
Assist gas Nitrogen 
Assist gas pressure  Pc 800kPa 
 Yasuhiro Okamoto et al. /  Physics Procedia  39 ( 2012 )  792 – 799 795
 
2.2. Calculation method of 3D velocity and angle of spatter 
Fig. 2 (a) shows the flow chart of developed program to calculate the 3D velocity and angle of particle 
by using spatter position. Spatter particles were observed as small blurred dark points against the white 
background. Spatter particles might intersect each other. In addition, particles might start as a large 
molten volume and might separate in to smaller particles. In each video, all spatter positions of video 
frame were recognized in all time using Scale-Invariant Feature Transform (SIFT-features) [3]. Each 
point recognized by the SIFT-features was tracked forward and backward in the video by using a particle 
filter [4]. The camera setup was calibrated using Zhang's method [5]. 3D tracking lines were matched by 
using the epipolar constraint from two video frames [6]. 3D trajectories were reconstructed from the 
corresponding 2D trajectories using an unscented Kalman filter [7]. Since the frame rate between of video 
was known, the velocity of particle at each event time could be calculated from the corresponding 
positions. Since the position of particle is subject to noise caused by the tracking method and the 
observation method, an average velocity over some time windows was used as the actual initial velocity. 
Fig. 2 (b) shows the tracking method of developed program based on sequential Monte Carlo-method, 
where sampling was carried out by Metropolis-Hastings method [8]. Firstly, the spatter was recognized, 
and the tracked spatter was surrounded with the red circle. After the recognition of spatters in the next 
frame, the distance between the red circle and the each spatter were calculated. Then, the spatter with the 
shortest distance was defined as the most likely location of the same spatter. However, if the spatter 
particles intersected each other, the spatter with the shortest distance from the previous spatter position 
might be incorrect. Therefore, the definition of the same spatter was considered by not only the distance 
but also vector direction of the spatter in the developed program.  
Figure 2 (c) schematically shows tracking line started at each event time. In the case of recognition 1, 
the green mark was the start point of tracking, and the tracking line was determined to recognize the 
particle location of orange mark at each video frame. The green mark of recognition 2 was the next video 
frame of recognition 1, and the time of green mark was the standard time of recognition 2 to start the 
tracking of spatter particle in both forward and backward time. These procedures of recognition and 
tracking were repeated at each event time, and some tracking lines were generated for one spatter. These 
lines were combined to one line by taking the average of these lines in order to eliminate any dependency 
on starting point of tracking, and decrease the divergence of tracking caused by over time. The spatter 
particle was detected by three particle filters; template matching, mean intensity comparing and 
background color to differentiate spatters from the background.  
3. Results and discussion 
3.1. Test of synthetic data by proposed method 
The proposed method was tested using synthetic data, where real 3D location was known. The used 
data for the evaluation were five randomly sized particles normally distributed by random acceleration. 
Particles movements were detected from two directions, then tracking and 3D reconstructions of the 
particle were carried out by developed program.  
Fig. 3 (a) shows the 3D predetermined trajectories and tracking lines of particle movement. The 
proposed method successfully tracked the virtual particles and reconstructed the 3D trajectories of each 
particle.  
In order to evaluate the propriety of developed program, a relative error was calculated by the equation 
(1). 
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where Pi is the predetermined position of particle, and ei is the distance from Pi to tracking point. 
Here, the error was evaluated as a dimensionless number in order to exclude the influence of tracking line 
length on evaluation results. Fig. 3 (b) shows the relative error of each tracking line. The relative errors 
were less than 1% for all tracking lines. Therefore, it is considered that the accurate tracking of particle 
could be performed by using this proposed method. 
Fig. 3.  (a) 3D predetermined trajectories and tracking lines of particle movement; (b) Relative error of the tracking line calculated 
by developed program 
Fig. 4.  Tracking of single particle in actual video frames 
(a) (b) 
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Fig. 5.  (a) Reconstruction of spatter tracking line; (b) Distribution of initial velocity; (c) Distribution of initial angle; 
(d) Relationship between initial angle and velocity 
3.2. Tracking of spatter 
30 pairs of video frame were used to track spatters in the laser piercing process. Fig. 4 shows example 
of actual video frames, in which spatter particles were detected by two video cameras. 155 particles were 
extracted from the taken video frames, and the velocity of each particle was calculated from the 3D 
reconstruction.  
Fig. 5 (a) shows example of 3D tracking lines of spatter in one event of laser piercing process. The 
tracking lines of detected spatters were mainly distributed on the plane that was perpendicular to the 
optical axis of camera, since the focal depth of lens was short. Thus, spatter particles were seemed to be 
limited in a small space. In the laser piercing process, spatter behavior would be symmetric around the 
axis of laser beam, hence the whole distribution of spatter would be estimated by rearranging the limited 
vision range circularly. 
Fig. 5 (b) shows the distributions of initial velocity of spatter measured by the proposed tracking 
method in the laser piercing process. The velocity was less than the speed of sound, and mainly 
distributed from 75m/s to 200m/s. The average velocity of spatter was 129m/s, and its standard deviation 
was 50.1m/s under this experimental condition. The dispersion of spatter velocity showed approximately 
a normal distribution as the mean velocity of approximately 130m/s in the liner scale. 
Fig. 5 (c) shows the distributions of initial angle of spatter from the workpiece surface measured at the 
tip of plasma, which is the initial observable position. Its angle was mainly ranged from 0 to 30 degrees. 
(b) (a) 
(d) (c) 
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The average angle of spatter was 15.9 degrees under this experimental condition. The dispersion of 
spatter angle also showed approximately a normal distribution. The plasma was generated on the laser 
irradiation point, and the spatter was pushed up by the evaporation pressure of workpiece material in the 
upward direction at the initial stage. Then the spatters were moved in the surrounding area from the 
plasma generation point. The assist gas flow could add the force to push the spatter after the movement 
driven by the evaporation pressure. Thus, it is considered that the balance of these forces would collect 
the spatter movement in a certain region of angle at the mean angle of approximately 16 degrees as shown 
in Fig. 5 (c). On the other hand, the angle of spatter was mainly distributed in the positive region, and 
there was little appearance in the negative region. Therefore, it was suggested that the spatter movement 
was strongly affected by the evaporation pressure at the initial stage. In order to avoid the adhesion of 
spatter on workpiece surface, the assist gas flow should control the spatter movement after the initial 
movement driven by the evaporation pressure. 
 Fig. 5 (d) shows the relationship between the initial velocity and angle. In this measurement, the size 
of spatter could not be recognized, and the influence of spatter size could not be discussed. In normal, the 
large particle size would be strongly affected by the assist gas flow compared with the small size. 
However, there were slight negative correlation between the velocity and angle of spatter. Therefore, it is 
considered that the size of spatter would be distributed randomly, and the spatter movement was 
approximately a normal distribution. 
These measurement results are important information to develop the nozzle that can control the spatter 
movements by the CFD analysis. Since the mean angle of spatter would be varied by the pressure of assist 
gas flow, the further measurement of spatter behavior should be investigated. 
4. Conclusions 
In this study, the spatter movements were observed by using two high-speed video cameras as a stereo 
configuration. The 3D movements of the spatter were investigated by proposed method. Main conclusions 
obtained in this study are as follows: 
(1) 3D tracking lines of spatter were constructed in the forward and backward frames, and the actual 
trajectory of individual spatter was obtained by averaging those tracking lines. This proposed 
two-direction tracking method of particles successfully distinguished the scattering spatters, and 
3D reconstruction of spatter movement in laser piercing process could be achieved. 
(2) The velocity of spatter was less than the speed of sound, and mainly distributed from 75m/s to 
200m/s. The dispersion of spatter velocity showed approximately a normal distribution as the 
mean velocity of approximately 130m/s under this experimental condition. 
(3) The angle of spatter was mainly ranged from 0 to 30 degrees from the workpiece surface in the 
upward direction as a normal distribution under this experimental condition, and there was slight 
negative correlation between the velocity and the angle. 
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